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Abstract

We discuss the calculation of open heavy flavor cross sections at RHIC and describe how the semileptonic decays of
charm and bottom quarks can be separated.
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Heavy flavor production is an important complemen-
tary measurement to ‘hidden’ flavor (quarkonium) pro-
duction. At the most basic level, the calculation of the
quarkonium production cross section in the color evap-
oration model [1] is based on parameters set from eval-
uation of the open heavy flavor cross section. It was
shown some time ago that the energy dependence of the
open charm and charmonium production cross section
was essentially the same, both for photoproduction and
hadroproduction [2]. Thus a good understanding of the
energy dependence of the charm cross section is impor-
tant to fix the energy dependence of the J/ψ cross sec-
tion. We use the same mass, factorization scale, renor-
malization scale and set of parton densities to fix the
scale factor between the open charm cross section below
the DD threshold and the inclusive J/ψ cross section.

Heavy flavor production is rather unique in that the
total heavy flavor production cross section is analyti-
cally calculable to leading order at the partonic level. In
addition the finite heavy flavor mass provides a scale to
control the transverse momentum distributions down to
pT → 0. In addition, because charm and bottom quarks
are massive, they are produced almost exclusively in
the initial parton-parton interactions in heavy-ion col-
lisions. In the absence of any nuclear effects, the heavy
flavor cross sections in pA and AA collisions would sim-
ply scale with the number of binary collisions. Thus
departures from binary scaling for heavy flavor produc-
tion provides information about nuclear effects. These
can be divided into two categories: effects due to em-
bedding the colliding partons in a nucleus (cold matter
effects) and effects due to the large energy density in the
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final state in AA collisions. The study of dense matter
effects requires a detailed understanding of cold matter
effects so that they can be unfolded from the dense mat-
ter effects. For more details, see the report from Work-
ing Group 2.

A number of dense matter effects on heavy flavor
production have been predicted. Some of these do not
change the total cross section but, instead, modify the
pT spectra of heavy flavor hadrons and their decay prod-
ucts.

Heavy quark energy loss [3, 4, 5, 6, 7] by collisional
and radiative processes steepens the pT distribution rel-
ative to that in pp collisions. On the other hand, random
pT kicks result in transverse momentum broadening, in-
creasing the average pT in both cold nuclear matter [8]
and in passage through hadron bubbles in the mixed
phase of a QGP [9]. If the medium surrounding the
heavy quarks after production exhibits collective mo-
tion, such as transverse flow [10, 11], the low pT heavy
quarks (pT < m) may be caught in this flow. Strong ef-
fects of energy loss [12, 13] on heavy flavor decays to
electrons and charm flow [13] have already been seen in
Au+Au collisions at RHIC. Studying heavy flavor en-
ergy loss using single electrons requires being able to
separate electrons from c and b decays since the large
bottom and charm quark mass difference suggests that
bottom quark energy loss is weaker than that for charm
[3]. Similar energy-loss effects may be seen on J/ψ pro-
duction although the magnitude of the effects may differ
because the J/ψ is a heavy-heavy system rather than a
heavy-light system.

Some QGP studies require accurate baseline determi-
nations of the total heavy flavor cross sections to inter-
pret other effects. For example, if more than one cc pair

Preprint submitted to Elsevier December 21, 2010



is produced in an AA event, uncorrelated c and c quarks
might coalesce to form a J/ψ in a QGP [14, 15, 16, 17].
The total cc yield is needed to normalize the J/ψ pro-
duction rate from this process.

Unfortunately, the uncertainties on the open charm
cross section, both measured and calculated, are large.
The difference between the PHENIX [18, 19] and STAR
[12, 20] non-photonic electron measurements appears to
have been resolved [21]. However, the difference in the
reported total cc cross sections seems to remain.

The calculated total charm cross section is strongly
dependent on the charm quark mass and the renormal-
ization and factorization scales [22]. The scale depen-
dence is stronger than the mass dependence. We take
mc = 1.5 GeV and mb = 4.75 GeV as the central values
with 1.3 ≤ mc ≤ 1.7 GeV and 4.5 ≤ mb ≤ 5 GeV to
estimate the mass uncertainties. The perturbative calcu-
lation also depends on the unphysical factorization (µF)
and renormalization (µR) scales. (These scale parame-
ters are unphysical in the sense that the real cross section
should be independent of the scale.) The sensitivity of
the cross section to their variation can be used to esti-
mate the perturbative uncertainty due to the absence of
higher orders. Since the partonic total cross section is
independent of the kinematics, we take µR,F = µ0 = m
as the central value and varied the two scales inde-
pendently within a ‘fiducial’ region defined by µR,F =

ξR,Fµ0 with 0.5 ≤ ξR,F ≤ 2 and 0.5 ≤ ξR/ξF ≤ 2.
In practice, we use the following seven sets: {(ξR, ξF)}
= {(1,1), (2,2), (0.5,0.5), (1,0.5), (2,1), (0.5,1), (1,2)}.
The uncertainties from the mass and scale variations are
added in quadrature. The envelope containing the re-
sulting curves,

σmax = σc

+

√
(σµ,max − σc)2 + (σm,max − σc)2 , (1)

σmin = σc

−

√
(σµ,min − σc)2 + (σm,min − σc)2 , (2)

defines the uncertainty as a function of energy. Here
σc is the cross section calculated at the central value,
(ξR, ξF) = (1, 1) and mc = 1.5 GeV, mb = 4.75 GeV,
while σi,max and σi,min are the maximum and minimum
values of the cross section for a given mass (i = m)
or (ξR, ξF) set in the fiducial region (i = µ). Although
Eqs. (1) and (2) have been written for the total cross sec-
tion, the corresponding maximum and minimum differ-
ential distributions can be written similarly [23]. When
the uncertainty on the pT distribution is calculated in
the FONLL approach [24], µ0 is mT = dsqrtm2 + p2

T
instead of m.

The results on the total cross section for charm and
bottom are shown as a function of center of mass energy
in Fig. 1. The solid curve shows the central result while
the dashed lines show the upper and lower limits on the
cross section, as calculated from the total partonic cross
sections. The upper limit of the charm cross section
at high energy is dominated by the contribution from
{(ξR, ξF)} = (0.5, 1) due to the large value of αs with 3
active quark flavors. On the other hand, the lower limit,
with the flattening for

√
s = 200 GeV, is dominated by

{(ξR, ξF)} = (1, 0.5) since CTEQ6M PDFs [25, 26] have
been evolved below the minimum scale of the PDFs.

The FONLL integrated charm cross sections are
somewhat lower because the FONLL approach, both
for the fixed-order part and the resummed part, assumes
that the charm quark is an active flavor, thus reducing
the value of αs. In addition, the FONLL total cross sec-
tion is based on the integrated pT and rapidity distribu-
tions, thus the average value of the factorization scale
is at the average value of the pT distribution and thus
higher than the factorization scale for the total partonic
cross section. We note, however, that if the number of
active flavors in the FONLL calculation is set to 3 for
charm, the results of the two calculations are in very
good agreement.

There is less disagreement for the bottom cross sec-
tions since the mass is higher. Thus the range of αs

explored by the parameter space is smaller while the
factorization scale is well above the minimum scale of
CTEQ6M [25, 26]. The values of the cross sections at
√

s = 200 GeV and 5.5 TeV are shown in Table 1. The
CTEQ6M results are compared to results with the older
GRV98 PDFs [27]. While this set is outdated, it shows
how the width of the uncertainty band can be reduced by
choosing a PDF set with a lower initial scale which re-
duces the factorization scale dependence and a smaller
value of Λ

n f =5
QCD which reduces the value of αs. For more

details, see Refs. [22, 28].

The FONLL approach [24] is an excellent tool for
calculating inclusive heavy flavor observables. It cal-
culates not only heavy quark observables but also the
heavy meson and semileptonic decay lepton observ-
ables. For example, if the inclusive electron spectrum
from heavy flavor decay is measured, the calculation of
the cross section involves three components: the pT and
rapidity distributions of the heavy quark Q, calculated
in perturbative QCD; fragmentation of the heavy quarks
into heavy hadrons, HQ, described by phenomenologi-
cal input extracted from e+e− data; and the decay of HQ

into electrons according to spectra available from other
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Figure 1: The NLO total QQ cross sections as a function of
√

s with CTEQ6M for charm (left) and bottom (right). The solid curve is the
central result; the upper and lower dashed curves are the upper and lower edges of the uncertainty band.

√
S = 200 GeV

√
S = 5.5 TeV

Q σFONLL
CTEQ6M (µb) σNLO

CTEQ6M (µb) σNLO
GRV98 (µb) σNLO

CTEQ6M (µb) σNLO
GRV98 (µb)

c 256+400
−146 301+1000

−210 178+300
−122 2585+13125

−2260 3562+7321
−3321

b 1.87+0.99
−0.67 2.06+1.25

−0.81 1.65+0.77
−0.53 209+139

−84 178+93
−64

Table 1: Summary of the uncertainty on the charm and bottom total cross sections calculated from the NLO partonic total cross sections at RHIC
and the LHC.

measurements, schematically written as

Ed3σ(e)
dp3 =

EQd3σ(Q)
dp3

Q

⊗ D(Q→ HQ) ⊗ f (HQ → e) (3)

where the symbol ⊗ denotes a generic convolution. The
electron decay spectrum, f (HQ → e), accounts for the
semileptonic branching ratios. Note, however, that the
FONLL approach cannot calculate exclusive QQ pair
observables.

While the differences between the STAR and
PHENIX non-photonic electron spectra have been re-
duced, full resolution requires separate measurements
of open charm and bottom hadrons. There are several
analysis methods available for this separation but di-
rect measurement of charm and bottom hadrons is, of
course, preferable. The prospects for such measure-
ments at RHIC II are discussed in Ref. [1].

Analyses that separate leptons from charm and bot-
tom decays are currently available, based mainly on
lepton-hadron correlations. PHENIX also has an early

result on eµ correlations [29], suggested as a method of
separating correlated heavy flavor production [30].

The azimuthal correlations between non-photonic
electrons and charged hadrons [31, 32] as well as be-
tween non-photonic electrons and D0 mesons [32] have
been used to obtain the fraction of the non-photonic
electrons coming from semileptonic B decays. Simula-
tions show that the width of the near-side (∆φ ∼ 0) e-h
correlation is larger for B decays than D decays because
more energy is released in B decays [32]. The fraction
of non-photonic electrons expected from B decays rel-
ative to D decays is consistent with expectations from
FONLL [31, 32].

The e-D0 azimuthal correlations provide an inde-
pendent measurement. Decays of cc pairs make pre-
dominantly like-sign, away-side (∆φ ∼ π) (D →)e−-
D0(→ K−) and e+-D

0
(→ K+) pairs. On the other hand,

bb decays make like-sign, near-side e-K pairs through
a single B− → e−νeD0(→ K−) decay chain. Opposite-
sign, away-side e-K pairs are produced from (B− →)e−-
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B+ → D
0
(→ K+) decays. Thus like-sign e-K pairs se-

lect bb decays on the near side and cc decays on the
away side [33]. The relevant decay chains are schemat-
ically illustrated in Fig. b.

c

c
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b(b)

-B
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-e
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-K +π

+B
0

D
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Figure 2: Schematic decay chains for cc (a) and bb (b) to like- and
opposite-sign e-K pairs.

More directly, B mesons decay to J/ψ, contributing
to high pT J/ψ production. The first STAR result on
the fraction of J/ψ production from B decays suggests
13±5% of J/ψ’s with pT > 5 GeV come from B mesons
[34]. This result, along with new, higher statistics STAR
data [35], is consistent with the CDF measurement at
1.96 TeV [36]. It is important to separate the secondary
J/ψ coming from B decays from the prompt J/ψ pro-
duction because the in-medium effects will be different
for the two J/ψ sources.

Thus while the theoretical uncertainties on open
heavy flavor production can be large, a good under-
standing of heavy flavor production provides an impor-
tant handle on the total quarkonium production rates. In
AA collisions, the open heavy flavor rate sets the nor-
malization for quarkonium recombination [14]. Sepa-
ration of leptons from charm and bottom semileptonic
decays will also help to understand the importance of
the quark mass on the relative energy loss [3].
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